A new fluorescent-colorimetric chemosensor L has been synthesised by Schiff base condensation reaction between 1,8-diaminooctane and 4-nitro-benzaldehyde in very good yields. Its photo-luminescent properties and selective detection properties for hydrazine have been examined. The synthesised chemosensor exhibited highly selective fluorescence on-off response for hydrazine amongst a wide range of different metal cations, anions and amines, along with the bare eye colour change from colourless to yellow based on intermolecular hydrogen-bond interaction. The limit of detection of the chemosensor L was estimated as 9.77 × 10 −8 M or 3.12 × 10 −6 g L −1 for hydrazine which is extremely below the limit set by the World Health Organization (WHO) and the binding stoichiometry was proposed to be 1 : 2 based on 1 H NMR spectroscopic techniques and the Job's plot analysis. The proposed sensing mechanism is the hydrogenbonding interaction which has further been established by Density Functional Theory (Functional Density Theory (DFT)) studies. This recognition feature of sensor L makes it an efficient chemosensor for hydrazine detection in different water samples.
Introduction
Hydrazine is a significant industrial chemical which is extensively used in rockets and missiles as fuel, as a reducing agent and as an antioxidant in nuclear and electrical power plants [1, 2] . In the pharmaceutical and chemical industries, hydrazine is mainly utilised as a catalyst, as an inhibitor and also as dyes in textiles [3] . In spite of these many applications, hydrazine is extremely toxic. Hydrazine and its derivatives are treated as group B 2 human carcinogens with a low threshold limit value (TLV) of 10 ppb [4] by United States Environmental Protection Agency (USEPA) and World Health Organization (WHO). In addition, damage of central nervous system, nose irritation and temporary blindness [5] [6] [7] [8] were also caused by hydrazine and its derivatives. There are several reports available in literature based on hydrazine sensing [9] . However, there are very few reports of 'naked eye' and 'fluorescent' sensor for hydrazine. Therefore, it is very much needed to design a reliable and rapid sensor which can impart onsite as well as real-time recognition of hydrazine by fluorescent-colorimetric method.
CONTACT Goutam K. Patra patra29in@yahoo.co.in Supplemental data for this article can be accessed here Nowadays, efficient and reaction-specific synthesis of probes with better selectivity and sensitivity for the detection of trace hydrazine due to its various applications as an emulsifier, corrosion inhibitor, antioxidant, photographic developer, pesticide, insecticide and plant growth regulator etc. has been developed [10] . As hydrazine is a highly reactive base, it plays vital roles in the textile, agricultural, pharmaceutical and chemical industries, and highenergy rocket fuel in propulsion and missile systems [11] . However; its extensive use is simultaneous with its serious toxic and adverse health effects to environment as well as human body. Therefore, dependable analytical approach for hydrazine recognition with suitable sensitivity and selectivity is an important issue to address. Up to date, many conventional techniques have been reported for hydrazine detection, such as chromatography mass spectrometry [12] , titrimetry [13] , spectrophotometry [14] , potentiometry [15] and electrochemical methods [16] . However, nearly all of these methods necessitate monotone protocols and prolonged methods for instantaneous and on-site investigation [17] . Nevertheless, to overcome these drawbacks, simple fluorescent-colorimetric chemo-sensor could be designed which possesses some of the advantages like non-invasiveness, high sensitivity and spatiotemporal resolution [18] . Out of the reported fluorescent sensors for hydrazine [19] , very few reports related to 'naked eye' and 'fluorescent' probes for hydrazine are available in the literature [20] . In particular, the reported sensors were either connected with chemical reactions or nanoparticles. However, sensing of hydrazine hydrate based on hydrogen-bonding interaction has been rarely described in literature [2, [21] [22] [23] . In our previous report of hydrazine sensing through hydrogen-bonding mechanism [23] , the probe had extensive π-conjugation instead of hydrophobic (-CH 2 ) n chain and there was absence of the electron-withdrawing nitro-group. There the fluorescence enhancement was due to photoinduced electron transfer (PET) process, but here it is due to intramolecular charge transfer (ICT) process.
This study is a part of our ongoing research to design and synthesise simple, easy-to-handle fluorogenic and chromogenic Schiff base chemosensors for various toxic cations, anions and neutral molecules [24] [25] [26] [27] . In this context, we report a simple Schiff base L as a fluorescentcolorimetric probe, which can effectively and selectively sense hydrazine over several amines, metal cations and anions only through hydrogen-bonding interaction with para nitro-substituent of simple Schiff base. The 1,8-diaminooctane moiety was used only for synthesising bis-Schiff base compound and the hydrophobic (-CH 2 ) 8 chain has no role in the sensing process, confirmed by another receptor L 1 which also showed the same optical behaviour as L under similar condition. Thus, we conclude that para nitro-substituent-containing Schiff base compound can be used as an efficient moiety for hydrazine sensor at that condition. Herein, we have selected bis-Schiff base, as it provides two binding sites for hydrazine, thus providing stronger co-ordination ability than its single analogue. Receptor L exhibits substantial colour change and red-shifted fluorescence quenching effect due to hydrogen-bondinginduced ICT upon action with hydrazine at acceptor end in mixed aqueous medium. The novelty of the sensor L is an easy synthesis process, is eco-friendly, and is of cost-effective nature. The recognition properties of the chemosensor L and coordination mechanism between L and hydrazine have also been discussed. In our previous report of hydrazine sensing through hydrogen-bonding mechanism [23] , the probe had extensive π-conjugation instead of hydrophobic (-CH 2 ) n chain and there was absence of the electron-withdrawing nitro-group. There the fluorescence enhancement was due to PET process, but here it is due to ICT process.
Experimental

Reagents and instruments
All reagents and solvents used in the experiments were purchased from Sigma Aldrich (St. Louis, USA) chemicals and used as such unless otherwise stated. A hot-plate melting point apparatus having an open-mouth capillary was used for the determination of melting points without any correction. The pH measurements were carried out on a digital pH meter (Merck, Darmstadt, Germany). Brucker 400 MHz FTNMR spectrometer was used for 1 H-NMR and 13 C-NMR spectral analyses. 1 H-NMR titration of L with hydrazine hydrate was performed in d 6 -DMSO solvent. High-resolution mass spectra (HRMS) were obtained on Waters mass spectrometer. UV/visible absorption spectra were taken using a Shimadzu UV1800 spectrophotometer. The fluorescence experiments were carried out using Perkin Elmer LS-55 fluorescence spectrophotometer with a fluorescence cell of 10 mm path.
Synthesis and characterisation of L
0.144 g of 1,8-diaminooctane (1 mmol) was dissolved in 50 mL dehydrated methanol. To this, methanolic solution of 0.302 g, 4-nitrobenzaldehyde was added dropwise. Under dry condition, the mixture was refluxed for 3 h. An off white precipitate obtained was filtered and washed several times with n-hexane. Then, it was re-crystallised in methanol and dried in vacuum to obtain a white solid. Yield: 0.370 g (90%); m.p. >200°C. 
UV-Vis titrations
× 10
−3 M solution was prepared by dissolving 4.10 mg of L in 10 mL methanol-water solvent mixture (1:1, v/v). A 10 μM solution was prepared by diluting the 30 μL of this solution to 3 mL with the solvent mixture. Hydrazine (0.1 mmol) was dissolved in 10 mL of triple distilled water. Then, 1.5-90 μL of this solution (10 mM) was transferred to the above prepared 10 μM ligand solution; subsequently UV-Vis spectra were recorded at room temperature.
Fluorescence titration
4.10 mg of L was dissolved in 10 mL of mixed solvent CH 3 OH-H 2 O (1:1, v/v) to make a solution of 1 × 10 −3 M. A 10 μM solution was prepared by diluting the 30 μL of this solution with 2.7 mL of the solvent mixture. Next, 0.1 mmol of hydrazine was dissolved in 10 ml triple-distilled water and 1.5-90 μL of this solution was transferred to each receptor solution in order to obtain 0.5-30 equiv. After that, the fluorescence spectra were recorded at room temperature.
pH effect test
Using 100 mM (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) (HEPES) buffer, pH solutions ranging from 4 to 12 were prepared. After getting the desired pH, 4.10 mg receptor L was dissolved in 10 mL methanol and then 30 μL of this solution (1 mM) was diluted to 3 mL with above prepared buffers to make the final concentration of 10 μM. To attain pH 7.00, 0.1mmol hydrazine was dissolved in 10 mL HEPES buffer. Then, 30 μL of the hydrazine solution was transferred to each receptor solution. After mixing the solutions, fluorescence spectra were taken.
Colorimetric test kit
To obtain 1 mM solution, 4.10 mg of chemosensor L was dissolved in 10 mL methanol. By immersing filter papers into the above ligand solution, colorimetric test kits were prepared. Then, the above test kits were dried in air to remove the solvent. Hydrazine and different amines such as aniline, urea, cyclohexyl amine, benzyl amine, thiourea, ethylenediamine, diethylenetriamine, phenyl hydrazine, diphenyl amine etc. of concentration 0.001 mmol were dissolved in 10 mL methanol to prepare 0.1 mM solution. The above prepared test kits were immersed into the methanolic solution of hydrazine and different amines for testing the sensing action.
Computational details
All the theoretical calculations were performed using the GAUSSIAN-09 Revision C.01 program [29] . The gas-phase geometries of the compound L in singlet ground state was completely optimised without any symmetry restrictions with the gradient-corrected DFT level coupled with the hybrid exchange-correlation functional which uses Coulomb-attenuating method B3LYP [30] [31] [32] . Basis set 6-31++ G was fitted for the whole molecule of L. DFT calculations were carried out on the molecule L in order to obtain the structural information of the synthesised chemosensor L. The geometry optimizations staring from gauss view structure of L lead to a global minimum as stationary level. The optimized structure of L has been shown in Figure S5 . The contours of selected Highest Occupied Molecular Orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) orbitals and energy of MOs of L are depicted in Figure S6 . Energy gap between HOMO to LUMO for L has been found to be 3.525 eV.
UV/Vis absorption spectroscopy
Absorption and fluorescence studies of ligand L were performed in CH 3 OH-H 2 O (1:1, v/v) mixed solvent in the presence of other analytes such as metal cations, anions and different amines under the same conditions in order to examine the selectivity and specificity of both fluorescent and colorimetric sensor L for hydrazine. Excellent selectivity and specificity towards hydrazine over all other tested analytes was observed from the results. The probe L exhibited one absorption band at 280 nm due to the phenyl π-π* electronic transition, but the addition of hydrazine results in decreasing the absorption intensity at 280 nm along with a new adsorption band at 342 nm with a remarkable colour change from colourless to yellow, which supports the detection of hydrazine through naked eye (Figure 1 ). However, other tested amines (Figure 1 ), metal cations and anions ( Figure S7 ) do not show any colour as well as change in absorption spectra. Such observation proved that under signalling conditions, the possible interference of metal cations or anions will not be a real problem in sensing of hydrazine by the probe L signifying their non-interactive nature with L.
For better perceptive of the insight mechanism, uv-visible titration experiments were carried out in the same homogeneous solvent mixture. It can be seen from Figure 2 that upon increasing the concentration of hydrazine, the absorption peak of ligand L at 280 nm almost vanished and one new peak was generated at 342 nm accompanied with two clear isosbestic points at 253 nm and 305 nm. The colour also changes from colourless to yellow. This colour change and spectral shifts were almost consistent up to 10 equivalent of hydrazine addition. It may be due to the π conjugate system of the free receptor L which upon excitation undergoes ICT from the donor to the acceptor. Hydrogen-bonding interaction between hydrazine and acceptor nitro-end of the receptor L will increase the efficiency of ICT to some extent along with successive red shift in absorption band (Scheme 2).
From the Job's plot analysis, the maximum absorbance was obtained at 0.7 mol fraction of the analyte ( Figure S8 ). The appearance of sharp absorption band at 335 nm with a clear isosbestic point of L confirms that the second binding is not influenced by the first probably because of the large distance of the two binding sites. In order to check the non-existence of aggregation phenomena and to establish the role of alkyl chain length, a similar experiment was performed in the presence of (E,E)-N,N'-bis(4-nitro-benzylidene) butane-1,4-diamine (L 1 ), with four CH 2 units (using 1,4-diaminobutane instead of 1,4-diaminooctane). Similar results were obtained ( Figures S9 and S10) , which confirms the absence of hydrophobic interaction in ) and 4.45 × 10
), respectively, from the absorption titration experiment using the relation 3 ×SD/m where SD is the standard deviation of the blank measurements and 'm' is the slope of the calibration curve of absorption intensity versus analyte concentration (Figures 3 and S13 ).
Fluorescence spectroscopy
The fluorescence properties of L towards hydrazine were also investigated. As shown in Figure 4 , the free receptor L exhibits an emission band around 360 nm, when excited at 290 nm, which showed no change in the presence of other selected amines, cations and anions ( Figure S14 ) except hydrazine. In the presence of hydrazine, the quenching of emission intensity was obtained along with red shift up to 90 nm.
For a clear understanding of the sensing mechanism, fluorescence titration experiment was performed in the same homogeneous solvent mixture, CH 3 OH-H 2 O (1:1, v/v), in the presence of hydrazine. As revealed in Figure 4 , L showed somewhat intense fluorescence on excitation at 290 nm (Q = 0.58), while on addition of 10 equivalent of hydrazine, the fluorescence intensity was noticeably decreased (Q = 0.051). The emission spectra of the probe L via varying concentrations of hydrazine from 0 to 10 equivalents have been shown in Figure 5 . The quenched fluorescence efficiency of L-N 2 H 4 adduct was around 10.5-fold smaller than the control in the absence of hydrazine. The inset in Figure 5 shows the colour change of probe L upon addition of hydrazine using UV lamp with excitation at 290 nm.
The selectivity test that represents the relative sensor response for hydrazine over other analytes present in solution is one of the most important characteristics of a chemosensor L. Under identical conditions, fluorescence experiments were carried out on probe L in the presence of different amines, metal cations and anions for the evaluation of selectivity of the Scheme 2. Sensing of hydrazine by the probe L, through hydrogen-bond recognition mechanism. , and 10 equiv. of different analytes were added to it. Completely no change is observed in the fluorescence intensity of the emission spectra of L after addition of other analytes, as presented in Figure 6 . The fluorescent intensity of L gets quenched to some extent, but this quenching is too small in comparison to that induced by hydrazine.
pH effect test
For practical purpose, the suitable pH conditions of both the probe L and L-N 2 H 4 adduct were maintained using 100 mM HEPES buffer. Figure 7 displayed the change in fluorescence intensity of both the probe L and adduct at different pH conditions. Thus, the receptor L is efficient in detection of hydrazine in a wide pH range of 4 to 12. L-N 2 H 4 adducts showed the intense and almost stable fluorescence behaviour under physiological pH range conditions, exclusive of any change in detection results. H-NMR spectra of L, the imine protons appear at 8.4 ppm and phenyl protons appear 8.3 and 7.9 ppm, whereas these proton signals are shifted towards upfield on the addition of hydrazine to the probe L (Figure 8 ). It is due to the formation of hydrogen bonding between the L and adduct. Surprisingly, a new peak is appeared at 6.47 ppm that corresponds to signal of hydrogen associated with hydrazine. Such observation clearly indicates that hydrogen-bonding-induced sensing mechanism was the probable mechanism for hydrazine detection. In addition to 1 H-NMR experiment, HRMS spectral analysis of L-N 2 H 4 presented in Figure S15 showed the appearance of a peak at m/z: 474.208, assignable to [L + 2N 2 H 4 ], which further supports the hydrogen-bonding interaction between hydrazine and sensor L.
DFT study on sensing mechanism
DFT studies further strengthen the sensing mechanism based on hydrogen-bonding recognition. Same basis sets and the same functional used for optimising the structures of the ligand and hydrazine are also being used to calculate the hydrogen-bonding energy. Generally, hydrazine formed hydrogen bonding with the ligand in two positions. The first one is nitrogen in the chain and another is the terminal oxygen of the nitrogroup. In both the cases, the initial distance between the hydrazine and probe L is 2.0 Ǻ. At the optimised condition, ligand-hydrazine (with chain) H-bond distances are 2.628 Ǻ and 2.649 Ǻ; while ligand-hydrazine (terminal) H-bond distances are 2.238 Ǻ and 2.403 Ǻ, respectively ( Figure S16 ). The hydrogen-bonding energy for both the structures is tabulated in Table 1 . The optimised molecular electrostatic potential of L has been shown in Figure S17 of SI. This observation confirmed the binding of terminal oxygen of the nitro-group to the hydrazine hydrogen. 
Detection of hydrazine
Practical applicability is a very important parameter of a good chemosensor. To confirm the practical applicability of hydrazine sensor, utilising different amines the test kits were prepared. Figure 9 depicts the test kits coated with probe L when added to different amine solutions, and the apparent colour change from colourless to yellow was attributed only in the case of hydrazine solution. Hence, the test kits would be feasible for detecting hydrazine. These results showed that receptor L could be used as a suitable realistic hydrazine sensor for environmental purposes.
Determination of hydrazine in real samples
Different water samples were collected from tap and rain water in order to measure the practical viability of the sensor towards hydrazine. Nearly 10 and 20 µM hydrazine concentrations are spiked for this analysis. The tap water concentrations are 11.8 and 19.6 µM, whereas rain water concentrations are 12.9 and 21.7 µM, respectively, as shown in Table 2 . In case of tap water, almost 118% and 97% recoveries were obtained. For rain water, 129% and 108% recoveries were achieved. Significant recoveries obtained in various water samples indicated the practical feasibility of the receptor L for quantitative assessment of hydrazine in various environmental samples.
Comparison of few aspects of recently published hydrazine sensor working through hydrogen-bonding mechanism
We have compared the hydrazine detection performance of the proposed chemosensor L with the recently published hydrazine sensors which works through hydrogen-bonding mechanism. We found that our probe L has several plus points respect to the others (Table 3) . It has been synthesised in single step, has higher sensitivity, exhibits colour change as well as fluorescence decrease and is effective in aqueous alcoholic medium. 
Conclusion
In summary, we have reported here simple fluorescent-colorimetric chemosensor L which exhibits high selectivity for detection of hydrazine in mixed aqueous medium (MeOH/ H 2 O = 1:1) through hydrogen bond recognition. The sensors display visible absorption profiles with distinct colour changes from colourless to yellow at room temperature within few seconds and selective fluorescence quenching response to hydrazine in the presence of other amines, biologically relevant metal ions and anions at physiological pH. The limit of detection of L for hydrazine was calculated as 9.77 × 10
), which is sufficiently below the TLV limit set by the WHO and USEPA. The sensing mechanism based on hydrogen-bonding recognition was also explained by DFT calculations, 1 H-NMR spectroscopy and HRMS spectral analysis. The probes have sufficient potentiality to work in a wide pH range of 4 to 12. Hence, L could serve as an attractive molecular probe for potential recognition of hydrazine amongst various environmental and biological samples.
